INTRODUCTION
Neurofibromatosis type 2 (NF2) is a dominantly inherited genetic condition in which patients typically develop bilateral vestibular schwannomas (VS), the hallmark of the disease, as well as schwannomas of other cranial nerves, meningiomas, and other less common tumors. 1 Untreated patients typically lose hearing over time, and may acquire other neurological deficits because of cranial nerve and brainstem compression. Currently, standard active management of vestibular schwannomas may include surgery, radiation, or a combination of the two. However, both surgery and radiation for VS are commonly followed by loss of hearing or other neurological deficits in NF2 patients, who have worse results after these treatments than sporadic VS patients. 2;3 Balancing active management against observation is a challenge in NF2, and an improved understanding of the natural history of the disease would be of use to clinicians and patients. In addition, researchers are beginning to test medical treatments intended to prevent growth or cause shrinkage of VS in NF2 patients [4] [5] [6] , and accurate knowledge of expected tumor growth in the untreated state is a necessary part of designing clinical trials for such drugs.
Although many studies of natural history have been reported for sporadic VS, NF2 is a rare disease and natural history data are limited. Several single-institution clinical series have been reported from NF2 centers, but these have typically been small and retrospective. [7] [8] [9] [10] [11] In addition, many of these studies have reported results primarily as the average growth rates or hearing decline among all subjects. This measure is less useful in designing clinical trials for drug treatment of NF2-related VS. For this purpose, an understanding of individual times to failure for measures such as tumor growth or hearing decline in untreated patients is required.
Ideally, such a trial would use endpoint measures similar to those that have recently been proposed for use in NF2-related VS trials, 12;13 and would be large, prospective, and multicenter.
The NF2 Natural History Consortium was established in 1998 to acquire prospective observational data on the change in VS tumor size and hearing in NF2 patients not undergoing active treatment. This prospective multicenter observational study, which was funded through the US Department of Defense Congressionally Directed Medical Research program, enrolled patients at 10 centers in 6 countries between 1999 and 2001. Patients were followed using serial MRI and audiometry studies, and results were reported in previous publications. [14] [15] [16] [17] [18] In the present study, we used the data acquired by the NF2 Natural History Consortium in an analysis intended specifically to inform design of future trials of therapy in NF2-related VS. Specifically, we aimed to define the expected rates over time of tumor growth and hearing decline using endpoints shown to be feasible in recent clinical trials for NF2-related VS.
MATERIALS AND METHODS

Study Cohort
Subjects who carried a diagnosis of NF2 according to National Institutes of Health criteria 19 and who were being followed without active treatment at the study centers were recruited between 1999 and 2000 for the NF2 Natural History of Vestibular Schwannomas study. Study participants were aged 5 years or older and had at least 1 untreated VS 17 . A total of 141 patients were recruited for the study by the NF2 Natural History Consortium at 10 international medical centers with expertise in NF2 (see text, Supplemental Digital Content 1 for full list of centers and principal investigators). We analyzed data from 120 patients (85%) who completed at least two study visits (full study cohort). Changes in hearing function and tumor size were analyzed in subsets of the full study cohort based on available data and requirements of the analysis (Fig. 1 ).
Monitoring
Prospective data collection included annual audiologic evaluations and MRIs ordered as part of clinical care. Audiologic evaluations included determination of pure tone thresholds and word recognition scores 20;21 . Study MRI scans included post-contrast T1-weighted axial images acquired using a standardized acquisition protocol across all MRI facilities. 18 The digitized data were sent to WorldCare Clinical, Inc, (Boston, MA) for centralized image analysis. Volumetric analysis of VS was performed as previously reported. 18
Criteria for hearing decline or improvement
Following recent recommendations for hearing endpoints in NF2-related VS trials 13 , hearing decline was defined as a statistically significant decrease in word recognition score (p < 0.05) compared to the baseline either due to tumor progression or to surgery. Patients were eligible for progressive hearing decline if their baseline word recognition score was ≥ 6% on a 50-word list (i.e., allowed for a measurable decrease below the lower limit of the critical difference threshold -the "floor effect"). Published tables to determine significant differences between word recognition scores were used to compare each patient's follow-up tests to baseline values 22 . Hearing improvement was defined as a statistically significant increase in word recognition score (p<0.05) compared to the baseline score on at least one measurement 23 .
Patients were eligible for spontaneous hearing improvement if their pretreatment word recognition score was ≤94% on a 50-word list (i.e., if their baseline hearing allowed for a measurable increase above the upper limit of the critical difference threshold -"the ceiling effect"). Patients who were deafened due to prior vestibular schwannoma surgery were not considered eligible for hearing improvement.
Criteria for tumor progression or shrinkage
Radiographic progression was defined as an increase in tumor volume of greater than or equal to 20% compared to the baseline, as recommended for NF2-related VS trial endpoints. 13 Survival times were calculated from the first study assessment after enrollment until the study closed in 2005. Tumor shrinkage was defined as a decrease in tumor volume of greater than or equal to 20% compared to baseline value on at least 1 measurement.
Statistical Analyses
We report descriptive statistics for clinical and demographic factors for the study cohort.
Spearman correlation coefficient was used to determine relationship between baseline tumor size and baseline WRS. We used Kaplan Meier methods to estimate time to hearing decline and time to radiographic progression and Cox proportional hazards regression to test for factors predicting time to hearing decline. Because patients on clinical trials typically have larger vestibular schwannomas, we also report stratified Kaplan-Meier analyses comparing hearing outcomes in ears with baseline tumor volume of less than 1 ml to those greater than or equal to 1 ml.
We analyzed the data in two ways. In the primary analysis, patients who experienced iatrogenic hearing decline were censored at the time of surgery (i.e., were not counted as having experienced hearing decline). This analysis was chosen because hearing-preservation surgery was performed in some patients without prior hearing decline. Similarly, patients who underwent surgery on a vestibular schwannoma before documented volumetric progression were censored at the time of surgery. The results of these analyses reflect the natural history of hearing decline and tumor growth in the absence of any surgical intervention.
A secondary time-to-failure analysis reflecting the experience of the cohort as they were actually managed is presented for comparison. In this analysis, patients with iatrogenic hearing decline at the time of surgery were not censored but were analyzed as having experienced hearing loss on the date of surgery. Similarly, the date of radiographic progression was defined as the date of surgery for patients who required VS surgery, even if volumetric progression had not yet been documented.
All statistical calculations were performed using SAS software (version 9.2, SAS Institute Inc, NC, USA). This study was approved by the institutional review board (IRB) of each institution in the NF2 Natural History Consortium and by the central Department of Defense IRB. All patients provided written informed consent. Reanalysis of the study data was approved by the Massachusetts General Hospital IRB.
RESULTS
Study Cohort
The baseline clinical characteristics of the 120 study patients (200 vestibular schwannomas) who completed at least two study visits are shown in Table 1 . 60 men and 60 women with a median age of 26 years (range, 5 to 72 years) at enrollment had hearing studies performed. 32 patients (27%) had a known family history of NF2. The mean length of follow up during the study was 31.3 months (range, 2.4 to 77.7 months) with a total follow-up of 313.4 patient-years. Baseline median tumor volume was 0.40 ml, and the baseline hearing ability for the 91 ears with both WRS and pure-tone averages available at baseline is documented as recommended by the AAO-HNS 24 (see Table 2 ). There was no significant correlation between tumor volume and WRS in the 65 ears with concurrent baseline measurements (p=0.21).
Time to Hearing Decline
A total of 54 patients (76 ears) could be evaluated for hearing decline. One patient was ineligible for hearing decline due to baseline word recognition score of ≤4% in both ears, and 65 patients were ineligible because word recognition score was not measured. In the primary analysis where patients with iatrogenic hearing loss were censored at the time of surgery, 33% percent of patients (18/54) and 28% (21/76) of ears experienced a decline in word recognition during the observation period. Overall, the rates of hearing decline per ear were 5% at 1 year, 13% at 2 years, and 16% at 3 years. The median time to hearing decline was 62.0 months ( Figure 2 ). In comparison, in the secondary analysis where iatrogenic hearing loss was considered an event, 39% percent of patients (21/54) and 33% (25/76) of ears experienced a decline in word recognition during the observation period. Overall, the rates of hearing decline per ear were 7% at 1 year, 18% at 2 years, and 22% at 3 years. The median time to hearing decline was 60.7 months. Rates of hearing decline using this analysis are shown in Table 3 . To investigate whether baseline tumor volume influenced time to hearing outcomes, we used stratified Kaplan-Meier analyses to compare hearing outcomes in ears with baseline tumor volume of < 1 ml (small tumors) to those of ≥1 ml (medium/large tumors). In the 65 ears with data on baseline tumor volume and word recognition score, 47 (72%) had tumor volume <1 ml and 18 (28%) had tumor volume ≥1 ml. Log-rank test showed a significant difference in time to hearing decline with medium/large tumors having a shorter median time to hearing decline (38 months) compared with small tumors (median not reached) ( Fig. 2; p<0 .0001). Thus, larger tumors were associated with an increased risk of hearing decline during the observation period.
We also tested the following clinical factors as predictors of hearing decline on a pertumor basis: baseline tumor volume (as a continuous variable), baseline AAO-HNS hearing classification, and baseline word recognition score. Sixty-five ears with complete data on these clinical factors were included in the analysis. Tumor volume at baseline was correlated with time to hearing decline (p<0.001, hazard ratio=1.7) Neither baseline AAO-HNS classification nor baseline hearing level correlated significantly with hearing decline (p>0.05). Thus, baseline hearing status did not correlate with hearing decline during the observation period.
Time to tumor progression
In the primary statistical analysis, a total of 102 patients (166 ears) could be evaluated for tumor growth. 12 patients were ineligible because one or more tumor volumes could not be accurately calculated and 6 patients were ineligible because their candidate vestibular schwannomas were resected prior to follow up MRI. Seventy-six percent of patients (78/102) and 63% of ears (105/166) experienced tumor progression during the observation period.
Overall, the rates of progression per ear were 31% at 1 year, 64% at 2 years, and 79% at 3 years.
The median time to tumor progression was 14.7 months (Figure 3 ).
In the secondary analysis, a total of 108 patients (179 ears) could be evaluated for tumor growth. 12 patients were ineligible because one or more tumor volumes could not be accurately calculated. 81 percent of patients (88/108) and 68% of ears (121/179) experienced tumor progression during the observation period. Overall, the rates of progression per ear were 35% at 1 year, 66% at 2 years, and 80% at 3 years ( Table 4 ). The median time to tumor progression was 13.6 months. To investigate whether baseline tumor volume influenced time to tumor progression, we performed stratified Kaplan-Meier analyses comparing outcomes in 118 ears with baseline tumor volume of < 1ml (71%) vs. 48 with baseline tumor volume ≥ 1ml (29%) (Figure 3 ). Log-rank tests did not show a significant difference in time to progression (p=0.51). Median time to tumor progression was 14.7 months for smaller tumors and 14.5 months for larger tumors. Thus, baseline tumor volume did not predict future vestibular schwannoma tumor progression.
Spontaneous hearing improvement and tumor shrinkage
A total of 28 patients (36 ears) could be evaluated for hearing improvement. Forty-five ears could not be evaluated due to the ceiling effect of word recognition score measurements. 36% (13/36) of ears experienced a spontaneous improvement in word recognition score over baseline. However, improvement was present at last study follow-up for only 4/13 patients, and in all 4 of these cases, the improvement was documented only at the last visit, so durability of improvement was not confirmed. Additionally, 7/13 improvements were in ears with near normal hearing (i.e., baseline word recognition scores of 94%). When only patients with baseline WRS < 90% were included, spontaneous hearing improvement occurred in 3/19 (16%).
A total of 102 patients (166 ears) could be evaluated for spontaneous tumor shrinkage.
25% of patients (26/102) and 19% (31/166) of VS experienced a decrease in tumor volume of ≥20% during the study period. However, 11/31 patients did not maintain tumor shrinkage, and 8/31 patients demonstrated tumor shrinkage only at their last study visit, so durability of response could not be determined. In addition, most tumor shrinkage (24/31) occurred in small tumors (volumes <1 ml). The spontaneous shrinkage rate in medium/large tumors was 15% (7/48) with a mean change in volume from 4.01 ml to 1.91 ml; the spontaneous shrinkage rate in small tumors was 20% (24/118) with a mean change in volume from 0.28 ml to 0.14 ml.
DISCUSSION
In this study, we re-analyzed hearing and imaging data on 120 patients (179 VS) collected by the NF2 Natural History Consortium to better understand the natural history of untreated NF2 vestibular schwannomas. Our goal was to inform the design of future trials of therapy by defining the expected rates over time of tumor growth and hearing decline without active treatment.
Trial design: hearing and radiographic response as primary endpoints
To date, trials for NF2-related VS have focused on tumor shrinkage or hearing improvement as primary endpoints, since these outcomes are thought to be rare in untreated tumors. In our study, the rate of spontaneous tumor shrinkage by volumetric analysis was 19%.
This rate is within the range previously reported for sporadic VS 25 . By documenting the spontaneous improvement rate for VS in the NF2 Natural History Study, our current data help clarify the null hypothesis for future trials. Our data suggests that such trials should focus on VS larger than 1 ml (since small VS are more subject to variability in volumetric measurement) and with baseline WRS ≤ 90% (since apparent improvement is more common in patients with near normal hearing) in order to minimize the false positive rate (i.e., spontaneous tumor shrinkage or improvement in hearing), Using our results, we can estimate the number of patients that would be required for a traditional phase 2 trial comparing drug treatment vs. placebo/usual care to establish superiority of the experimental arm. Supplemental digital content 2 lists trial sizes based on a radiographic or hearing response rate of 15% in the control arm. A 15% response rate was used since only 15% of tumors with volume ≥ 1 ml experienced spontaneous tumor shrinkage (defined as decrease in volume ≥20%), and similarly, hearing improvement (defined as a statistically significant increase in word recognition score) was noted in 16% of ears with WRS < 90%.
Figures for these subsets of patients may be more useful for modeling clinical trial data, as the uncertainty of measuring hearing improvement in VS with WRS > 90% 13 and the increased variability in volumetric measurement of small VS 26 have been used as the rationale for defining a minimum tumor size and maximum hearing level for entry into NF2 clinical trials.
Given the rarity of NF2 (disease prevalence 1 in 56,000 27 ) and the potentially large number of agents deserving study, completing accrual for randomized clinical trials is likely to pose a challenge. Although a single arm design with historical control is inferior to a randomized study, this design can be appropriate for rare diseases where patient numbers are limited (e.g., everolimus for subependymal giant cell astrocytoma and romidepsin for cutaneous T-cell lymphoma). In a single arm study with historical control, drug activity for NF2 vestibular schwannoma would be suggested if the lower limit of the 95% confidence interval of the response rate to the experimental agent were greater than 15%.
Trial design: time to hearing decline or tumor progression as primary endpoints
To date, clinical trials with time to hearing decline or tumor progression as the primary endpoint have not been used for NF2 vestibular schwannoma. However, trials with a primary goal of delaying hearing decline or tumor progression are desirable for NF2 patients, who are typically develop progressive morbidity related to growth of their bilateral vestibular schwannomas after initial diagnosis. Our natural history data can be used to calculate needed sample sizes for randomized phase 2 prevention studies comparing an intervention to placebo. A table of trial size using time to tumor progression or hearing decline data is shown in Supplemental Digital Content 3.
Since the median time to tumor growth (14.7 months) in our study was shorter than the median time to hearing decline (62 months), trials focused on preventing tumor growth would usually require fewer patients to achieve the needed statistical power. Thus, trials using tumor size as a primary endpoint may be an efficient approach for identifying active drugs in the near future. For trials focused on prevention of hearing decline, we found that patients in our cohort with medium/large tumors (≥ 1 ml) at study enrollment had a shorter median time to hearing decline (38 months) than small tumors (median not reached), and thus represent a more feasible group to study in clinical trials. While rate of tumor growth is not correlated to hearing preservation, 11 our results showed a correlation between larger baseline tumor size and subsequent hearing loss. For this reason, we propose that NF2 patients with VS ≥ 1 ml be stratified as "high risk" for subsequent hearing decline, and that consideration be given to making these patients eligible for trials without the need for documented tumor progression at study enrollment. Emerging techniques such as radiographic identification of elevated intralabrynthine protein 28 may suggest new strategies to further supplement selection of patients at highest risk for hearing loss.
As with trials focused on hearing improvement or tumor shrinkage, our natural history results can be used as a historical control for single arm studies that use time to tumor progression or hearing decline as the primary endpoint. However, this data should be used with caution as the trial cohort would have to be similar to patients enrolled in the Natural History Study ( Table 1) . Given the changes in diagnosis and clinical management of NF2 patients over the past 2 decades, it is not clear that current trial groups would be well matched, raising concerns for the validity of any subsequent conclusions.
Another important consideration is that current trials for NF2 vestibular schwannoma have required patients to have tumor progression at enrollment. In contrast, evidence of tumor progression was not required for participation in the Natural History Study, and many patients were clinically stable at enrollment. For this reason, the progression rates in the NF2 Natural History Study likely represent a lower estimate of progression rates than would be found without treatment in patients entering current clinical trials. We note that the observed rates of hearing decline and tumor progression in medically treated patients in current reports 5;6 are higher than those we found in the Natural History Study. Finally, we should note the limitations of imaging and audiology performed across many years and multiple institutions. Not all centers performed testing of word recognition score and not all evaluations were performed at the predefined intervals. It is possible that these variations may have introduced unforeseen bias into the study results.
The National Institutes of Health is currently enrolling patients in a new NF2 Natural History study (NCT00598351). The results from this study will help extend the findings from the completed NF2 Natural Study reported here, although from a single center rather than the multiple centers reported here. In the future, it will be helpful to have high quality data on the natural history of NF2 vestibular schwannomas after documented progression since these tumors are more likely to require treatment. In addition, future studies aimed at capturing the natural history of NF2 meningioma, non-vestibular schwannoma, and ependymoma would be helpful to guide future clinical trials in these conditions. 1 ml, red) , and medium/large tumors (≥ 1 ml, blue) . Log-rank test showed a significant difference in time to hearing decline with medium/large tumors having a shorter median time to hearing decline (38 months) than small tumors (median not reached) (p<0.0001).
Note: 11 ears in the overall analysis were excluded from the stratified analysis (smaller vs. larger tumors) due to lack of concurrent baseline data on hearing and tumor size. ≥ 1 ml, blue) . Log-rank test showed no significant difference in time to tumor growth between smaller and larger tumors. 
